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Proton and electron mtion in a laser “beat-wave”

accelerator with a transverse magnetic field is ex-
p1ored. Parameters of stable acceleration are deter-
mined analytically and by simulation. The effects of
synchrotronsradlatlon on electron acceleration are also
explored.

Particles “trapped” by the magnetic field oscillate in
13x about 13pwhile By, the Y velOCity, increases follow-
Ing (fromeq. 4):

In the relativistic llmit 13 = -l/yp ■ -(1 - 13f)1’2
with Bx = 13p, eqs. (4) and i5) can he combined to
obtain

IntroductIon

1 2 have developed a modi-Katsouleas and Dawson ,
ficatlon of the plasma beat-wave accelerator,3 called a
surfatron, that adds a magnetic field to the plasma
beat-wave field to malnt.a~n
particle motfcm dnc’the wave.
nal electric field 15

~ . E. sin (kpx - k)pt)i

synchronism between the
The beat-wave lonoitudi-

(1)

d2x q ‘O Ucc b
~=~sin(kpx-wt)+~

P

or, with $ = kpx - wpt and Ey = -1/Yp,

and dev~lops frmn plasma-wave oscillations excited by
laser Dulses of frequencies w all u)+ b and wave vec- f9m!.P!+(s~n@- sin $.)

dt: ~ YYP
(8)

frequency and kp ; ■ ~1 - ~2. E. can be expressed as
with

with Z, the plasma-wave amplitude, S1. In the surfa-
tron, a constant transverse magnetic fiel~ is added

The motion is stabla if Isin $101< 1 or ypll< Lo, wnich
is precisely the condition for “magnetic trapping” in
ref. (l). Equation (B) is the expression for phase
Os:illdtions about d Central Stdble phase I&Iat wnlch
particies gain enersy et a rate given by

; ■ F,; , (3)

where ;, ; are unit vectors,

The equations of motion for d pdrlicle with mass
M in these fields are YC2 !& ■qEo3pcsln$o~qypl$ CLI, \9)

~ (Y3x)■ & sin (kpx - wpt) + & f3y , and and en?rgy Oscillations about the central energy dre
f;urd from

(4)
(lLI)

**
where ~ is lhe cyclotron frequnncy and ~ ■ V/c.

Combining these equations, an expression for th~
rate of enerqv aa~n of a r)arttcle in a surfatron i5
found: ‘- “

#m#fix sin (kpx -~t)

@2 -1/?
Herny~ (l-q) .

Surfatron Osc

The phasu osclllatlcll@q. (R) is quite slmllar 10 Ihu
equjltionsfor synchrotronsoscillations fomllIr\rto de-
celerator sctt=ntlsts,and thr properties uf iurfdlrwl

oscillations may be dcvrlopvd by al!alogv.h lhv surfa-
tron oscillation treoucncy is

(5)

llatlon5...—
(11)

In synchronous ~njcctlon into J ~urfatrwl, ~x
is ~nitlally set n?ar the WWF velnclty ill,:

fix m~n/(f+) ●op ,

V.,- 7’--— -’-”-. . . . . . . . . . . - -

Trapml particles arc fuund’witlllnlmind~t’lcsuf a sLa-
blu accelrrdlillybucket will,boundart~!sdclcrmlned by
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with +;, the extreme stable phase, = n - @o.

The bucket area (in @ - AY sPace) increases as W
in acceleration, so trapped particles remain trapped.
In adiabatic acceleration, the area of a trapped bunch

~~?~n~h~~s~~ “en~~~y ‘~~~~h ‘~~h i~~e~~~~e~~e~~/~~
The major difference between surfatron and synchrotrons
oscillations is that surfatron acceleration is fast and
nOt entirelY adiabatic; the approximation condition

;Wly (13)

is not always valid.

The oscillations arr substantially different from
linac p;:ase oscillations. In an ulcrarelativistic
linac, the oscillation frequency (Q%y-3/*) becomes
quite slow and particles IMIDTOaChan dSyrnPtoticphase
as t * -. In the surfatron, (Qs ~Y-1/2) oscillations
:g;:~de, althouqh slowed, and no asymptotic phase is

. :

?
9= ~f!sdt increases indefinitely.

o

The feat.u-es[Ifsurfatron oscillations described
above have been confimned intsimulations integrating
the exact equation< of motion.

Synchrotrg~ Radiation in a Surfatron

Radiation in a transverse magnetic field llmits
electron acceleration in a synchrotrons to <loo-Gev
final enerqv. It is imDortant to dett?rminewhether a
similar limit exists in a surfatron.

The oower radiated by a Particle is given hy~

F’■ # J[(li)z - (n W] ,

which can be comtsicd with :he equat
nht~jn

ons of motio

14)

to

where

fitIliqhfmerqies,

An exfictlysynchrorsnuspartlclr ha< a constant
nhn%e al $ &with rml} thp first twmnt eq. (15)

nonzerc. This first term can be expressed using the
rate of ener: ‘ change ~ as

JC.

(16)

This same result is obtained in the corresponcl]ng
linac,=d in both cases is quite small al,ddoes not
change as particle energies increase.

The second term ot eq. (15), which Corresponds to
radiation frum the transverse B-field modi~iea tIythe
E-field, is no vanishing with finite Phase Wrors and
increases cs yf, becoming imPortan~~nt~~eh~~t~~~~~~
energy acceleration af electrons. .
limit, this .erm becomes

( )2 2 2 ‘{n ‘- ‘in ‘$02
@-%cy ~’

(17)

and acceleration requires that this tt=rmbe less than
the synchronous rate of energy gain, This i,llPllestfor
electrons)

(
2

L@w ‘in 0- ‘in ‘o
sin +0 )

< 2.3 X 105 , (18)
YP

where E is the electron energy.

The phase error term (slrI$ - s“,n$.) will De ex-
Cited by the beam Phase spread as well as fluctuatlonb
in the plasma-wave pnase and amplitude,. Sucn fluctua-
tions are expected at about the 10% level in a rt~sun-
ably uniform plasma :xcitation. Uith B = 10 T and
Yp = 10 (typical values), E c 5 Te’Jis lmplled.

Surfatron oscillations are not directly dffeCted
by the radiation; however the plasma could be disturbed
by intense particle radiation. Heavier particles (P,
p, Ptc.) can obtain much ]ar]er energies befo*e encoun-
ter ,9 radiation diffi[lltie;.

Numerical Examples uf Surfatrons-- .— ---——

Previously, simulation results demonstrating par-
ticle trapping and surfatron oscillations have been
presented, and parameters for high-energy hnd demon-
stration accelerators have been suqgested.b Because J
functional surfatron combines high-intensity synch o-
ni~ed laser pulses, a uniform medium-density pldsma,

an injected beam, and a uniform high magnetic ticld, a
precise formulation of optimum parameters Is nut yul

pns~tble. In this section wc outllne two pusslblu
surfatrons to dcmonshate the technique U( PJranwter
cyncrationo

Thr mosl. ~ifficull rpquirenwnts aru Lhu laser
charoctcristl~s. Iiigh-puucr ldsers with vury shurl
pulse”,ar~ rpqtiirml. The time scale nf the IJul>e 1$
set I)ytho fdct that thr plawnp W.IVVrcln(llus~uhcr(wt
only for a t!mu lPss Lhsn the ton o!.clllatiuu LIIIMI!
II where

i

.-

1, =
“~ ?J ,

I ‘s’ ‘P

Illgh lnt~nsity 0!1 thlh tl~ sral~ IS ~t,l~whalbeyond
curl”cnt capfihllities;i lasers wilh wdvcll!ngtlls frWll
A lo II (ctlz) to tJ.3 II (frcqllrllcy-trtl]lcdNIJ-yliISS)
mfiyuhttsinlhp nccc%sary lnt~nklty, t’ufi these numurl-
cal r!nmplcs A ■ 1 Iiis chosen.
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L!,liformexcitation of d plazma probably renuires
that the paran@er a be much less than 1; a = 0.1 to
0.25 IS chosen here. The other parameters are set by
considering the equation ame c ~ SI,I OC “ e.vp B,

~ii% ;;a~t;l;i;~~ a%dy~~ ?;s ~;~o?e~u!rl~~e~
is chosen in a reasonable field range (1 to 10 T) and
the remaining parameters are reshuffled such that the
acceleration rate is at a comfortably high level, many
gigavolts/nwter. The synchronous acceleration rate
can be rewritten as

~ ■ YL,0.30 B(l’)~ .

With P Z1 T and Yp > 10, substantial acceleration
is obtfilned.

Parameters for an electron and a proton surfatron
are displayed In table 1. Simulations of particle
trapping and acceleration have been performed for these

.. Parameter-—

B-field

Laser wavelength
pl>sm].wave
amLli?ude a

Plasma gmnb
Yp ~ WI”%

Plasma density N

Synchronous (e Bcyp)
accelerationrate

Length for l-TeV
accelerator

Surfatron oscilla-
tion parameters:

sin (0s) ■

iJ5/c(y m YJ

h5/c (1 TeV)

Sifnljlbtlonresults:

Capture efficiency

AC tots; at 100 GeV
of ca~turcd hunch

A$ tot:] at 100 GeV

‘TABLEI

Electron-
Accelerator

Example

10 T

1.OP

0.25

13.77

5.9X1O?R on-a

41.3 GeV/m

24.2 m

0.704

3.7bXlo3 m-’

9.97 m-l

66%

0.36 ReV

0.??

Proton-
Accelerator

Example

1.25 T

1.LII.J

0.1

25

1,Bx1018 cm-3

q.38 GeV/m

107 m

0.73

12.7 m-l

1,95 m-l

41s

2.2 GeV

1.4

cases. In these simulations, a particle distribution
(with energy y in a distribution about yp and random
phase o and zero Vy) is injected and the equations of
motion integrated until much higher energies are
reached by trapped particles. Surfatron oscillations
are observed, and phase-energy distributions are meas-
ured. Some results are displayed in table 1. The
Idealized constant amplitude sine wave of eq. (1) IS

used to represent the plasma-wave electric field, im-
plying that the beam phase-space area is conserved in
acceleration. Fluctuations are expected to procuce
substantial phase space Incredhe but, because the
stable buckets are quite large, acceleration shoula
remain stable at high energies.

Conclusions

This paper has discussed some features of the
surfatron, which provides the possibility of stdole
high-energy acceleration of particles. The nature of
SIJrfatrOnoscillations has been discussed and limita-
tions imposed by synchrot-on radiation nave been
described.
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